The reversible to irreversible flow transition (RIT) has been observed in periodically driven colloidal suspensions and superconducting vortices in a Corbino-disk (CD) where a global shear is applied. To examine whether RIT is also observed in a system without the global shear but with a local shear, we have studied a vortex system of a strip-shaped amorphous Mo x Ge 1-x film in which only the local shear due to strong random pinning is present. We again obtain evidence of RIT with a critical behavior similar to that for CD. However, the reversible phase is suppressed and the relaxation time for the system to settle into the steady state grows significantly, whose origin is attributed to the stronger pinning effects.
Introduction
We have shown in our recent work that a reversible to irreversible flow transition (RIT), as originally observed in periodically sheared colloidal suspensions [1, 2] , also occurs in periodically sheared vortices in a Corbino disk (CD) of an amorphous (a-)Mo x Ge 1-x film [3, 4] . In both systems, the particles (vortices) are rotated back and forth around the center of the system (sample) by the global shear force. It has been predicted numerically that for the periodically sheared vortex system, even though we use the strip samples where the global shear is absent, RIT should be observed as long as the samples contain moderately strong pinning that generates local shear [5] . As far as we know, however, this prediction has not been directly proved by experiments.
The purpose of this work is to verify this prediction using the same material system where the static and dynamic properties of vortices are similar to each other. We have prepared a strip-shaped film of a-Mo x Ge 1-x with stronger pinning than that for CD studied previously [3, 4] to induce the substantial local shear. Then, we have measured flow noise S V and time evolution of the voltage V(t) generated by vortices subjected to ac drive. We again obtain evidence of RIT with a critical behavior similar to that for CD. However, the reversible phase is much suppressed and the relaxation time for the system to settle into the steady state grows significantly. They are attributed to the stronger pinning effects in the present strip sample.
Experimental
The a-Mo x Ge 1-x film with thickness of 310 nm was prepared by rf sputtering on a silicon substrate mounted on a water cooled rotating copper stage. The superconducting transition temperature at which the resistivity vanishes is 6.4 K. The pinning strength in the present sample, as estimated from the depinning current density, is about one order of magnitude larger than that for the previous CD sample [3, 4] .
The resistivity was measured using a standard four-terminal method. We also measured the time evolution of voltage V(t) just after the ac current I ac of square waveform was applied to the vortex system, where the amplitude of I ac was fixed to yield ac voltage with constant amplitude V . In measuring noise spectra S V (f) over a broad frequency f range (1 Hz-40 kHz), voltage enhanced with a preamplifier was analyzed with a fast-Fourier transform spectrum analyzer [3, 4] . We obtained excess noise spectra by subtracting the background contribution, which was measured with zero current. The sample was directly immersed into the liquid 4 He. The magnetic field B was applied perpendicular to the plane of the film.
Results and discussion
All the data were taken at 4.1 K in 4.0 T corresponding to the coexistence regime of ordered and disordered phases at equilibrium, where large flow noise appears [6] . We applied I ac of square wave form, whose amplitude was fixed to Spectral shape of S V is of Lorentzian type on which narrowband noise originating from the fundamental and higher order frequencies of I ac are superimposed. For small d, some data points are missing from the spectra, indicating that S V is close to the background level. On the other hand, for larger d, substantial broad-band noise exceeding the background level appears. In Fig. 1(a) Fig. 1(a) is qualitatively similar to that observed in the CD sample [3, 4] . . This is because the initial vortex distributions are disordered and hence the first several cycles [ Fig. 1(b) ] to hundreds of cycles [ Fig. 1(d) ] generate many collisions, similarly to the case of colloids [1, 2] . After the many cycles, whose number is largely dependent on d, |V(t)| increases and eventually reaches the steady-state value V 10 V. For d < 0.1 m, we were not able to observe the transient behaviour within our experimental resolutions. According to the picture of RIT, for d < d 0 , which corresponds to the reversible state, all the vortices eventually find a position such that they no longer collide with each other when the system is sheared. On the other hand, for d > d 0 , which corresponds to the irreversible state, the system reaches the steady state where nonzero fraction of vortices always collides with another vortex [3, 4] . Now, we examine the characteristic time for the system to reach the steady state. is extracted by fitting the amplitude of the ac voltage |V(t)| to the simple relaxation function [1] [2] [3] [4] [5] 9] ,
(
Here, we fix to be zero, because the theory predicts that the value of becomes relevant only very close to the transition ( ), while in our experiment t / is relatively small. In Fig. 1(e) we plot against d. For d < 0.1 m, we cannot obtain reliable data because of limitation of fast V(t) measurements. The divergence in is clearly visible at around 0.1 m, which is close to d 0 determined from noise S V (d) in Fig.  1(a) . This fact strongly supports the view that the RIT, analogous to the absorbing transition [1] [2] [3] [4] [5] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [1, 2] , and experiments on vortices in CD [3, 4] , respectively. From these results, we conclude that evidence of RIT with a critical behavior similar to that for CD is also obtained in the strip sample where the global shear is absent. Our results are consistent with the theoretical prediction that [5] the random pinning centers in superconductors create velocity dispersion by generating local shear in the vortex lattice, which gives rise to the RIT. Compared to the results for CD, the reversible phase is much suppressed down to near zero (d < 0.1 m) and the relaxation time for the system to settle into the steady state grows significantly from several cycles for CD [3, 4] to a thousand of cycles in the present strip-shaped sample. Their origins are attributed to the stronger pinning effects in the present sample. Owing to the significantly increased values of , the accuracy of (=1.3 0.15) extracted from the power-law fit of ) (d is improved.
Summary
To summarize, the non-equilibrium transition, RIT, has been observed in periodically driven colloidal suspensions [1, 2] and vortices in CD [3, 4] where the global shear is present. However, it has not yet been clarified experimentally whether the RIT is also observed in a system where the global shear is absent, while the theory has answered it affirmatively [5] . To clarify the issue, in this work we have studied a vortex system of a strip-shaped a-Mo x Ge 1-x film in which only local shear resulting from random pinning centers is present, but the pinning strength is stronger than that for CD studied previously [3, 4] . We again obtain evidence of RIT with a critical behavior similar to that for CD, consistent with the theoretical prediction [5] . However, the reversible phase is much suppressed and the relaxation time increases significantly, whose origins are attributed to stronger pinning effects.
